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We demonstrate the storage of 5 ns light pulses in a single rubidium atom coupled to a fiber-
based optical resonator. Our storage protocol addresses a regime beyond the conventional adiabatic
limit and approaches the theoretical bandwidth limit. We extract the optimal control laser pulse
properties from a numerical simulation of our system and measure storage efficiencies of (8.2±0.6) %,
in close agreement with the maximum expected efficiency. Such well-controlled and high-bandwidth
atom-photon interfaces are key components for future hybrid quantum networks.
Quantum networks are the basis for distributed quan-
tum information processing [1–3] and long-distance quan-
tum communication [4, 5]. In quantum networks [6], dis-
tant nodes are connected via quantum channels, e.g. op-
tical fibers guiding single photons as flying qubits [7].
The nodes for processing and storage of quantum infor-
mation require long coherence times and the ability to
efficiently convert flying to stationary qubits and vice
versa. Single atoms in optical cavities have shown to
fulfill these criteria [8, 9], but so far only in the adi-
abatic regime of atom-cavity dynamics when interact-
ing with photon pulses of length T  κ/g2, where κ is
the cavity bandwidth and g is the atom-cavity coupling
strength. Both working in this regime and the choice
of cavity parameters have limited previous experiments
to pulses much longer than the atomic excited state life-
time τe and the cavity field decay time [9, 10]. How-
ever, high-bandwidth quantum communication will use
short pulses, such as the polarization-entangled photons
emitted by quantum dots [11] or spontaneous parametric
down-conversion sources [12].
In our approach, we use a high-bandwidth, microscopic
fiber Fabry-Pe´rot cavity (FFPC) [13], strongly coupled to
a single atom, to store a weak coherent pulse in the non-
adiabatic regime near T ∼ κ/g2 [14]. This way, pulses
with T  τe are stored, which is not possible in free
space [15, 16]. The cavity is thus used as a bandwidth
converter, matching the narrow atomic transition to a
spectrally broad pulse near the cavity-bandwidth limit
T−1 ∼ κ. The pulse is mapped into the atomic ground
states with the help of a control laser in Raman configu-
ration. In order to execute the storage process efficiently,
the exact control pulse properties, such as the temporal
profile, have to be found and matched to the input pulse.
Prominent theoretical work [14, 17, 18] has been mostly
concerned with realizing an adiabatic state transfer dur-
ing the storage process and hence is not applicable in
our case. Instead, we determine an optimum pulse se-
quence in the non-adiabatic storage regime by numerical
simulations based on the full quantum-mechanical Lind-
blad master equation describing our system. As a result,
we reach an excellent agreement between expected and
measured storage efficiencies.
Our photon memory consists of a single 87Rb atom
trapped at the center of a single-sided, high-bandwidth
FFPC [19]. One of the fiber mirrors presents a higher
transmission (HT), ensuring a highly directional input-
output channel [20]. As depicted in Fig. 1a, the cav-
ity is placed at the focus of four in-vacuum, aspheric
lenses (NA= 0.5), which lead to a high beam point-
ing stability [21]. The lenses strongly focus two pairs
of counter-propagating, red-detuned dipole trap beams
at 860 nm which create a 2D optical lattice in the xy-
plane, see Fig. 1b. One of the lattices acts as a con-
veyor belt [22] to transport atoms from a magneto-optical
trap (MOT) into the cavity. Confinement in the z-
direction is provided by the intra-cavity, blue-detuned
lock laser field at 770 nm, which is additionally used for
stabilizing the resonator length and for carrier-free Ra-
man cooling in three dimensions [23, 24]. As a result,
the atom is located with sub-wavelength precision at an
antinode of the cavity mode driven by the input pulse.
In particular, the mode is resonant to the Stark-shifted
|F = 2,mF = −2〉 → |F ′ = 2,mF = −1〉 hyperfine tran-
sition of rubidium at 780 nm. The quantization axis is
aligned with the cavity axis by applying a magnetic guid-
ing field of ∼ 1.8 G.
In each experimental cycle, the memory is initial-
ized by cooling and preparing the atom in the state
|F = 2,mF = −2〉 by optical pumping with an efficiency
exceeding 95 %. As a first step of the storage protocol,
we send a triggered, coherent input pulse with a mean
photon number n and a duration of 5 ns (FWHM). It
has a time-symmetric, sine-squared shaped probability
amplitude |φin|(t) of the electric field [6]. When it en-
ters the FFPC through the HT mirror, a classical con-
trol laser pulse in two-photon resonance is simultaneously
applied from the side along the x-axis (Fig. 1b). This re-
sults in transferring the atom dominantly to the state
|F = 1,mF = −1〉, see Fig. 1c. After a storage time of
1 µs, the photon is read out with an adiabatic control
pulse to ensure maximum population transfer [25–27].
The cycle of state initialization, photon storage and re-
trieval is repeated with the same atom up to 1500 times
for ∼ 2 seconds, limited by the efficiency of the currently
employed cooling mechanism.
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FIG. 1. Schematic side (a) and top (b) views of the experimental setup illustrate the optical lattices trapping a single rubidium
(87Rb) atom at the center of a microscopic fiber Fabry-Pe´rot cavity (FFPC). The high transmission (HT) mirror of the cavity
is the access port for a coherent input light pulse, which is stored in the atomic memory via a control pulse entering from the
side. Retrieved single photons are guided to a Hanbury Brown-Twiss (HBT) setup for detection. (c) Photon storage for a
cavity with two degenerate polarization modes. The first mode couples the initial state |F,mF 〉 = |2,−2〉 to the excited state
|2′,−1〉 with a rate g and either results in coherent transfer to |1,−1〉 by the interaction with the control laser (Rabi frequency
Ω) or in coherent leakage to |2, 0〉 via a second cavity mode with rate g′. The efficiency of an adiabatic retrieval process is not
affected as the photon detection is polarization-insensitive.
To find the optimum storage-assisting control laser
pulse with time-dependent Rabi frequency Ω(t), we sim-
ulate the system based on a Lindblad master equa-
tion. The underlying Hamiltonian consists of the Jaynes-
Cummings Hamiltonian [28] and an additional driving
term
Hˆd(t) = i ~
Ω(t)
2
(
σˆ† − σˆ)
+ ~
√
2κHT ·
√
n · φin(t)
(
aˆ† + aˆ
)
where σˆ†, σˆ are the flip operators of the atomic states that
are coupled via Ω(t), while aˆ†(aˆ) is the creation (annihi-
lation) operator of the driven cavity mode. The total
cavity damping κ = κHT + κloss is the sum of the pure
transmission rate κHT, at which a coherent field (φin(t))
impinging on the HT mirror interacts with the open sys-
tem, and the undesired losses κloss, e.g. due to absorp-
tion and scattering on the mirrors (for more details see
Supplemental Material).
Our cavity supports two degenerate polarization
modes (σ±), which couple two Zeeman states in the same
hyperfine manifold F = 2 via the excited state |2′,−1〉
(Fig. 1c). With the pi-polarized control laser coupling
the excited state to the F = 1 manifold, our choice of
the initial Zeeman state leads to coherent dynamics in
a tripod configuration [29]. Additionally, the probabil-
ity to off-resonantly excite the state |1′,−1〉 has to be
considered. We take all of these effects into account in
our model by including two polarization cavity modes
with effective atom-cavity coupling strengths g, g′ and a
total of five atomic states (for a detailed discussion see
Supplemental Material). The main effect of the ideally
absent atom-cavity coupling g′ is a coherent population
leakage during a storage attempt. The photon storage
efficiency ηstorage, which is the transfer efficiency ηtransfer
from initial to target state normalized by the mean input
photon number (ηstorage = ηtransfer/n), is thus decreased
compared to a standard Lambda configuration [14].
In general, the storage efficiency depends crucially on
the properties of the control pulse, namely the tempo-
ral shape, the pulse amplitude, the detuning from the
atomic transition and the delay with respect to the input
pulse. However, in a non-adiabatic regime we find that
its exact temporal shape plays a minor role. A simple
compression of the temporal length of the pulse shape
for the adiabatic protocol [18] is equally effective as a
numerically optimized pulse shape for our short input
pulse [30]. In case of zero single-photon detuning of the
input pulse with respect to the atomic excited state, our
simulation predicts the highest storage efficiency for a
vanishing two-photon detuning of the Raman transition,
as also predicted by [14]. The remaining pulse param-
eters for optimal storage are the peak Rabi frequency
of the control laser and its delay τΩ with respect to the
input light pulse.
Besides the pulse parameters, knowledge about the
system parameters g, g′, κHT, κloss, γ is important for the
storage process. κHT is known from the mirror char-
acterization in [20] and κloss = κ − κHT is obtained
after measuring κ by probing the frequency-dependent
cavity reflection. For determining g, g′, we take a mea-
surement, during which we store an input pulse with on
average n = 2.1 photons and reconstruct the retrieved
pulse after the memory read-out, as shown in Fig. 2. A
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FIG. 2. On the left: The time-symmetric, sine-squared shaped input pulse with intensity probability amplitude |φin(t)|2 sent
to the HT mirror has a FWHM duration of 5 ns (black points connected by red, solid line). For comparison, the atomic
excited state decay with a time constant of τe = 26 ns is shown (gray, dashed line). The Raman control pulse with Rabi
frequency Ω(t) (purple, solid line) is applied with a delay of 4 ns with respect to the input pulse, in contrast to adiabatic
storage protocols (see main text). All pulse amplitudes are normalized to one. On the right: After a storage time of 1 µs,
a control pulse (purple, solid line) adiabatically generates a photon |φout(t)|2 after the full storage protocol (black dots). By
taking into account the incoherently transferred population in the absence of a control pulse (blue dots) and the counts due to
false initial state preparation (green dots), we infer a coherent storage component of (79 ± 3) %. The data point values have
been scaled by a factor of 200, while the Raman pulse is still normalized to one. From a simulation-based fit |φout, fit(t)|2 (red,
solid line) we extract the atom-cavity coupling strengths (g, g′) = 2pi · (29, 35) MHz.
simulation-based fit of the resulting shape with g, g′ as
free parameters completes our set of system parameters:
(g, g′, κHT, κloss, γ) = 2pi · (29, 35, 16, 25, 3) MHz.
Two additional measurements determine the coherent
storage fraction. The first one omits the control pulse
during the storage process and thus indicates the inco-
herent state transfer due to optical pumping by the in-
put pulse. The second measurement uses neither con-
trol nor input pulse, which indicates false state prepara-
tion. From the ratio of the integrated detection counts
in Fig. 2, we obtain a coherent storage component of
(79 ± 3) % (for the special case of n = 2.1). In a
Hanbury Brown-Twiss experiment we verify the single-
photon character of the retrieved pulses by calculating
the correlation function g(2)(0) = (12 ± 6) % from the
time trace of detected photons. The value is consistent
with the amount of background light and detector dark
counts (see Supplemental Material).
In a next step, the previously obtained system param-
eters are used to simulate the storage process in order
to map out the full parameter space for the optimization
of the storage efficiency ηstorage. In Fig. 3a, ηstorage is
displayed as a function of the peak Rabi frequency of the
control laser and its delay τΩ and in Fig. 3b, the transfer
efficiency ηtransfer as a function the peak Rabi frequency
and mean photon number per input pulse is shown. The
latter is of interest for cross-checking the photon number
calibration, which is required to determine the storage
efficiency rather than the transfer efficiency.
The simulation results show efficiency revivals towards
higher Rabi frequencies, which give insight into the un-
derlying storage process. The revivals are a consequence
of the excited state being significantly populated before
it is mapped by the control laser to the target ground
state in a coherent pi-pulse interaction [14]. In contrast,
a classic STIRAP protocol [31] does not show revivals. It
relies on the adiabatic transfer between the ground states,
which is no longer the most efficient storage method in
the presented experiment.
We confirm the simulated behavior by measuring four
independent parameter scans, which are fitted to the
experimentally accessible regions of the two simulated
maps. To obtain the storage and transfer efficiencies
from the measurement, the photon detection probabil-
ities per storage attempt are corrected for the imperfect
state preparation, the read-out efficiency of (80 ± 5) %,
the transmission in the optical path and the detection
efficiencies of (19± 7) % and the spatial mode matching
between fiber-guided and cavity mode of (60± 2) % [20].
For an input pulse with n = 1 (see Fig. 3a) we observe
a maximum while scanning the control laser peak Rabi
frequency, from which we deduce the storage efficiency
of ηstorage = (8.2 ± 0.6) %, which is close to the high-
est expected value of 9.0 % for our tripod system with
cavity losses. Taking the aforementioned efficiencies into
account, the end-to-end efficiency of creating an outgo-
ing single-photon Fock state per impinging coherent state
is (0.9± 0.1) %. For a larger mean photon numbers per
pulse (see Fig. 3b), we observe the expected saturation of
the transfer efficiency, which is limited by the undesired
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FIG. 3. Simulated efficiency maps and experimental pulse parameter scans. (a) For an input pulse containing a mean photon
number of n = 1, the storage efficiency ηstorage as a function of both control pulse peak Rabi frequency and control pulse delay
τΩ is simulated. The non-adiabatic storage process reveals a significant atomic excited state population, which is then mapped
by the control laser to the target ground state in a coherent pi-pulse process. Thus, for higher peak Rabi frequencies efficiency
revivals are observed. (b) For a fixed control pulse delay of 4 ns, the transfer efficiency ηtransfer is simulated as a function of both
control pulse peak Rabi frequency and mean photon number per input pulse n. Four independent, experimental parameter
scans (black points) are fitted to the simulation of our system (red, dashed lines). This allows to extract the storage efficiency
ηstorage = (8.2±0.6) % for a coherent input pulse with a mean photon number of n = 1. Data points in gray are not considered
by the fit (see main text).
transfer to |2, 0〉 (see also Supplemental Material). How-
ever, for higher peak Rabi frequencies the measured data
deviates from the simulation (Fig. 3b). We attribute this
behavior to variations in both the atom-cavity coupling
strength and the ac Stark shift, which originate from dif-
ferent atom positions within the cavity mode and dipole
traps. As a result, the optimum (two-photon) Rabi fre-
quency is met at higher peak Rabi frequencies than ex-
pected, leading to the observed higher efficiencies.
With technical improvements such as the realization of
a three-level (Lambda) configuration, the efficiency can
already be improved by a factor of two. Assuming negligi-
ble undesired cavity losses, storage efficiencies exceeding
40 % should be feasible with a single atom. The over-
all memory efficiency can be increased by fiber cavities
equipped with GRIN lenses [32], which reduce the losses
due to a cavity-fiber mode-mismatch.
In conclusion, we have demonstrated the non-adiabatic
storage of light pulses, which are, with 5 ns, much shorter
than the atomic excited state lifetime of τe = 26 ns. By
simulating the storage process in dependence of the con-
trol pulse parameters, we find the optimum control pulse
for the highest possible photon storage efficiency and –
for the first time – observe a remarkable agreement with
experimentally obtained values.
Our system is capable of interacting with very short
light pulses in a highly directional manner, thereby
demonstrating functionality for a high-bandwidth quan-
tum network. Additionally, FFPCs offer an intrinsic fiber
coupling that facilitates the implementation in cavity-
based networks [33, 34]. In the future, we will employ
ensembles of atoms, which will enhance the light-matter
interaction by collective effects [35], allowing for storage
of even shorter pulses with even higher bandwidths. In
this way, true single-photon Fock states as provided by
the emission of a quantum dot [11] can efficiently interact
with our atom-based system. Envisioning such a hybrid
experiment [36], we have recently demonstrated that the
emission frequency of quantum dots can be stabilized to
atomic transitions [37].
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